Laser shock peening (LSP) can introduce a compressive stress profile for improving the materials' surface mechanic properties. 6065 Aluminium alloy is introduced recently in the aeronautic components. The surface performances of the components are related directly to the surface activity and surface corrosion properties which are influenced by the near-surface stress gradient. So, the determination of residual stress dues to LSP near the surface layer of 6065 alloy is very important for the surface strengthen and for surface activity. Pseudograzing incidence X-ray diffraction (GIXRD) is a non-destructive method and can be used to evaluate the residual stress gradient below the surface at very shallow depths at micrometer or submicrometer scale according to the studied materials. The experiments were carried out by two GIXRD methods: multi-reflection method using the various crystallographic {hkl} family planes and sin 2 ψ * method using the various corrected angles (ψ*, φ*, Ω*) with only one crystallographic family. The purpose of this study is to quantify the stress gradient of 6056 aluminium alloy from surface up to 10 micrometers by these two GIXRD methods, then to compare the obtained results. The tensile residual stresses were found in the near surface area by these two GIXRD methods and their evaluation is quiet similar. To explain this phenomenon, a FEM (finite element method) calculation is carried out and perfectly approaches the laser-induced mechanical effects.
INTRODUCTION
Laser shock peening(LSP) is a well-known surface treatment process designed to generate compressive residual stress (RS) and work hardening without chemical modification in order to improve the mechanical prosperities and fatigue performance of materials [1] . Although very few studies [2] [3] [4] [5] have been carried out on the stress gradient from surface up to 10 micrometers and most studies have focused on the depth up to several hundred millimetres with the well-known X-ray Diffraction (XRD) technique: the sin 2 ψ method. The residual stress distribution in the sub-surface layer (less than 10 µm in depth) is a very important factor that affects surface mechanical properties of materials. However, the classic XRD sin 2 ψ method is not applicable for its measurement depth, because the penetration depth is about 11µm for aluminium alloy with a Cr anticathode.
For this purpose, a pseudo-grazing incidence X-ray diffraction (GIXRD) method named sin 2 ψ* method which was developed in LIM-ENSAM by J. PENG [6] is used to determinate residual stress distribution between 1 µm and 10 µm in depth for 6056 Al alloy. Another GIXRD method called multi-reflection method which was developed by Skrzypek & Baczmanski [7, 8] is also used for RS distribution determination between 1 μm to 5μm in depth. The estimation of residual stress gradient by finite element method (FEM) [2] [3] [4] [5] is also carried out, in order to be compared with experimental GIXRD data and to provide complementary data in depth. Our goal is: (1) to validate a 3D numerical model by experimental XRD data and (2) to be able to predict residual stresses induced by all kinds of LSP configurations near the very surface, for a given material. In this context, the residual stress gradient within a 6056 aluminium alloy treated by LSP was examined with the use of sin 2 ψ* method below 10 µm in depth and with the use of multireflection method below 5 μm in depth. The positive value of RS were found by these two GIXRD method and a 3D FEM with ABAQUS software was carried to simulate the LSP events, which well explained the raison of tensile RS' generation.
BASICS OF LSP TREATMENT
The basic principle of laser peening with protective coating (LPPC) is illustrated in Figure 1a . It is a Water Confinement Regime (WCR) consisting of a water-immersed metal (water layer thickness: 1-2 mm), the protective metal coating (thickness: 50-100μm) and the short (3-20ns durations) and intense (several GW/cm 2 ) laser pluses. The sample surface is immersed completely in water. When the laser beam with pulse of several nanoseconds is focused on the metal surface to be treated, the thin surface of protective coating (to avoid thermal effects) evaporates immediately through the ablative interaction. The water confines the vaporized metal, and the resulting high-density metal vapour is ionized instantaneously to form plasma that absorbs the laser energy subsequently. In this way, the high-energy plasma generates a shock wave striking the sample with very high intensity, far exceeding the yield strength of the usual material. Following this, the shock wave propagates into the material and creates a heterogeneous permanent plastic deformation during LCP that creates compressive residual stresses at the surface sample after LCP (Figure 1b) . 
MATERIALS AND PROPERTIES
The studied material is a 6056-T4 alumin s nominal chemical composition is shown in um alloy, mainly used for aeronautical applications. 
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LASER SH K PROCESSING (LSP) TREATM NT
The major experimental parameters on LSP are the laser i d The 6056-T4 aluminum alloy specimens were laser peened with a pulsed Nd : Glass prototype laser operating at λ=0.53 μm with pulse en From the previous studies, the relationship between the pressure and the laser intensity can be described as: 
DETERMINATION OF RS BY XRD

CLASSIC XRD
The experiments were 2 obtain the integral peak intensity of above 500 counts. The step size of the PSD (position sensitive detector) was 0.047° to have 18.8° as angular zone in 2θ for about 400 steps. Young's modulus of 71000 MPa and Poisson's ratio of 0.33 were used in the stress calculation after the XRD measurement. [ ]
ith θ-the Bragg angle; Ω-the X-ray beam incidence angle; µ-the absorption coefficient of irradiated material. The GIXRD experiments were carried out on a 4-cathode was used with Kα characteristic radiation (λ KαCr =0.229nm). The y measuring lattice strain using different reflections hkl, i.e. by measuring at different Bragg strain measurement can be varied without lting the specimen physically in the diffractometer. The incidence angle Ω is small and 
GIXRD-MULTI-REFLCTION METHOD
B angle θ lattice strain, the direction of the lattice ti constant, the two variable angle ψ and φ can be changed independently; the Ψ angle depends on the hkl reflection and the incidence angle Ω, i.e.: Ψ= θ-Ω
The advantage of this method is that various hkl reflections are simultaneously used in the fitting procedure, and the method can be easily adapted for various geometries of measurement [7] . The advantage is that for large sample, it can be mounted without titling the plan of the mount of the diffractometer. The penetration depth can be calculated from the formula below:
Where µ is the linear coefficient of absorption; when the incident angle is quiet small, the above equation can be written, i.e.:
Experimental results obtained on impacted surfaces with both XRD techniques (XRD and GIXRD) are presented in figure 3.
COMPARISON OF THE XRD MEASUREMENTS RESULTS AND DISCUSSION
esidual stress distributions as a fu R nction of the depth from surface are shown in Figure 3 ., where the stress components in the treatment direction and the transversal direction are shown lso. a We noticed that for the multi-reflexion method, the residual stress amplitude varies from +100MPa to -90MPa from the surface up to 5μm in depth in the treatment direction; the orresponding c For the sin 2 ψ* method, the similar evolution is observed in the two stress component. The values change from about +100MPa to -200MPa in the treatment direction and from about +70MPa to -280MPa from surface up to 11μm in depth. We also noticed a phenomenon: below 10 μm in depth, the stress amplitude is rather different between the two GIXRD results and the classic XRD results. For the classic XRD results, neither in the treatment direction or in transversal direction, the stress components are always negative, i.e. always compressive residual stress. But in our two GIXRD results, we found the tensile residual stress. To explain this phenomenon, a finite element calculation is used to simulate the LSP event.
FINITE ELEMENT CALCULATIONS FOR LSP SIMULATIONS TO EXPLAIN THE XRD MEASUREMENTS RESULTS
odel used 150 µm x 150 µm x 70-100 µm C3D8 continuous elements to mesh a 12 mm x 12 mm x 4 mm body ( Figure.4a ).
ABAQUS 6-7 Explicit software was used to calculate the 3-D stress and strain distribution of the metal piece during and after the LSP. Our 3D m D Preliminary calculation was made to compare the surface deformation induced by a single laser impact with experimental data, in order to check precisely the P=f(x,y,t) temporal and spatial distribution of pressure. A Rayleigh damping was used to stabilize oscillations due to shock reflections. A comparison between experiment and simulation is shown in Figure 4b , which validates the pressure profile for 1 single impact. (Figure 6a ). Inside the laser-peened area, the amplitude of deformation is rather homogeneous, with a periodically deformed aspect well fitted by simulations (Fig.5) . On the one hand, compared with XRD measurements, FEM simulations indicate a relatively inhomogeneous surface stress field in both the treatment direction and the transversal directions, with a stress amplitude varying from +200 MPa to -300 MPa, depending on On the other hand, average surface stress levels are rather well simulated by the model, and xperimental data are comprised between maximum and minimum simulated values (Fig 5) .
omain of the eak of the surface and that classic XRD analyzed 11 μm in depth using different incidence e The explanation of the phenomena of the positive residual stress by the two GIXRD methods from surface to about 5 μm in depth is that the GIXRD technique measured the d p angles. The values of residual stress determined by classic XRD are average values in the whole depth of 11 μm for aluminum alloy with a Cr anticathode ( Figure 5, 6b ). . Dias, P. Gergaud, J.L. Lebrun, A methodology development for the re T prediction of the res e overestimation of stress amplitudes by FEM simulation (up to 80 µm below the surface) was observed. Oncoming work will focus on the numerical developments: (a) mesh refinement near the surface (to less than 10 µm in-depth) , (b) multi-layer materials to take into account work-hardened layers prior to LSP, (c) the use of a strain-dependent material's mechanical law more adapted to large plastic deformations, and possibly including non elastic release (Bauschinger-like) to limit residual stress amplitudes. Additional GIXRD (pseudo-grazing incidence X-ray diffraction) experiment on the others aluminum alloy such as 2050, 7449 will be carried out and to be compared with the results of simulation.
CONCLUSION
